Introduction
============

Food safety has attracted worldwide attentions, as a result of the continuous outbreaks of foodborne diseases in recent years. Foodborne pathogens have not only caused tremendous economic losses, but also posed a considerable threaten to public health. It was estimated by the Centers for Disease Control and Prevention that 1 in 6 Americans got sick from contaminated foods or beverages and 3,000 died each year [@B1]. In China, 5,926 people suffered from food poisoning in 2015 and bacteria including *Salmonella*, *Vibrio Parahemolyticus, Bacillus Cereus, Staphylococcus Aureus and Escherichia Coli, etc.,* were the major causes for illnesses, accounting for 53.7% [@B2]. *Escherichia coli* O157:H7 is a common foodborne pathogen and has been found in beef, raw milk, chicken, vegetables, and fruits, etc. It can survive at the temperatures as low as 4℃ and at the pH as low as 2.5. It has a strong toxicity and an infection dose as low as 10 to 100 CFU/mL. The infected people might suffer from watery diarrhoea and haemolytic uraemic syndrome, etc., and even die. Thus, early screening of *E. coli* O157:H7 is essential for food safety.

Currently available methods for detection of *E. coli* O157:H7 mainly include the gold standard culture plating (Culture), polymerase chain reaction (PCR) and enzyme-linked immune-sorbent assay (ELISA). Culture has the highest sensitivity and accuracy, but needs long time to get final results. PCR is fast and sensitive, but needs complex DNA extraction procedures. ELISA is fast, but lacks sufficient sensitivity and has relatively high false positives. In recent two years, various biosensors, such as optical [@B3]-[@B8], electrochemical [@B9]-[@B14], magnetic [@B15]-[@B16], quartz crystal microbalance [@B17]-[@B18], acoustic [@B19]-[@B20] and surface plasmon resonance [@B21]-[@B22], etc., have been reported for the detection of *E. coli* O157:H7 and other bacteria. Most biosensors are still in lab research now, and have not been ready for practical use yet. Hence, simple, rapid and sensitive methods are needed for detection of *E. coli*.

Impedance biosensor is one type of electrochemical biosensors and often featured with compact design, rapid detection, relatively low cost and easy integration, which generally relies on the electrochemical impedance change on the interface of an electrode under an alternating-current potential with a direct-current bias. The bacteria detection strategy based on electrochemical impedance biosensors often includes immunomagnetic separation for isolating the target bacterial cells from the food sample and biosensor detection for determining the concentration of the bacteria. The conventional magnetic separation is based on antigen-antibody reaction and has been widely used for specific separation of various biological and chemical targets [@B23]. Compared to magnetic microparticles, magnetic nanoparticles (MNPs) with higher surface-to-volume ratio, less steric hindrance and more uniform distribution are often modified with the antibodies against the target bacteria and used to capture the bacteria, followed by magnetic separation by a magnetic field and enrichment in a small volume of buffer solution. So far, immunomagnetic separation are often performed by manual operation and not suitable for separation of the target bacteria from a large volume (10 mL or larger) to increase the sensitivity. Besides, interdigitated array microelectrodes with low ohmic drop, short detection time, high signal-to-noise ratio and compact size are often used as the transducer in electrochemical detection. However, they are often fabricated using expensive facilities in super clean conditions by well-trained technicians, resulting in high cost, and this has greatly limited their practical applications.

In this study, we intended to develop an electrochemical aptasensor using coaxial capillary with magnetic nanoparticle, urease catalysis and PCB electrode for rapid and sensitive detection of *E. coli* O157:H7. As shown in Fig. [1](#F1){ref-type="fig"}, after the streptavidin modified MNPs were injected and captured uniformly in the coaxial capillary that was filled with the line-up high-gradient magnetic fields, the biotinylated polyclonal antibodies (PAbs) were injected and incubated to form the immune MNPs through streptavidin-biotin binding. Then, the bacteria sample was injected into the capillary and the target bacteria would be captured by the MNPs to form the MNP-PAb-bacteria complexes (magnetic bacteria), while the impurities flowed through the capillary. The gold nanoparticles (GNPs), which were modified with the aptamers against *E. coli* and the urease, were injected into the capillary to react with the bacteria to form the MNP-PAb-bacteria-aptamer-GNP-urease complexes (enzymatic bacteria). Finally, urea was injected to fill the capillary and hydrolyzed into ammonium ions and carbonate ions due to the catalysis of the urease on the enzymatic bacteria, and the decrease in the impedance of the catalysate was measured by the gold plating PCB electrode to determine the concentration of the bacteria.

Materials and Methods
=====================

Materials
---------

The biotinylated polyclonal antibodies against *E. coli* O157:H7 from Thermo Scientific (Waltham, MA, USA) were used to specifically react with the *E. coli* O157:H7 cells. The aptamers against *E. coli* O157:H7 were synthesized by the Sangon Biotech (Shanghai, China) according to the previous report [@B24]. The sequence of the aptamers were 5′-biotin-CCGGACGCTTATGCCTTGCCATCTACAGAGCAGGTGTGACGG-3′. The magnetic nanoparticles with the diameter of 150 nm from Ocean Nanotech (SV0152, Fe content: 1 mg/mL, number of particle in 1 mL: 5 x 10^10^, binding capacity for 1 mg: \~20 µg biotinylated proteins, San Diego, CA, USA) were conjugated with the PAbs for magnetic separation of the target bacteria. Gold chloride tri-hydrate (HAuCl~4~·3H~2~O) from Sigma Aldrich (St. Louis, MO, USA) was used to prepare the gold nanoparticles. Urease (E.C.3.5.1.5, Type III, 15,000-50,000 units/g solid), urea (NH~2~CONH~2~), ammonium carbonate ((NH~4~)~2~CO~3~), 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC·HCl), 2-(N-morpholino) ethanesulfonic acid (MES), bovine serum albumin (BSA) and phosphate buffered saline solution (P5493, PBS, diluted 10 times by the deionized water to 10 mM, pH 7.4) were also purchased from Sigma Aldrich. Tween-20 from Amresco (Solon, OH) was prepared in the deionized water for lubricating. The deionized water was produced by Millipore Advantage 10 (18.2 MΩ∙cm, Billerica, MA, USA) and used to prepare all the solutions.

Fabrication of the coaxial capillary
------------------------------------

The coaxial capillary were composed of an inner quartz capillary with the inner diameter of 1.1 mm, the outer diameter of 1.3 mm and the length of 150 mm, and an outer quartz one with the inner diameter of 1.8 mm, the outer diameter of 2.0 mm and the length of 300 mm. The inner quartz capillary was filled with small cylinder NdFeB magnets (Grade: N35; diameter: 1 mm; height: 1 mm) and small iron balls (diameter: \~1.0 mm). The adjacent two magnets were set up in mutual repelling layout and separated by one ball. Besides, both ends of the inner capillary were connected with two cylinder aligners fabricated by the 3D printer (Object 24, Stratasys, Eden Prairie, MN, USA) to be concentric with the outer one. The distribution of the magnetic field in the coaxial capillary for capturing the immune MNPs was simulated by the Finite Element Method Magnetics (FEMM) Software.

Design of the fluidic PCB electrode
-----------------------------------

The fluidic PCB electrode was used for the impedance measurement in this study and consisted of the gold plating PCB electrode and the fluidic channel. The PCB electrode, containing 10 pairs of interdigitated fingers with the length of 6 mm, the width of 200 μm and the spacing of 200 μm, was made using the conventional printed circuit board fabrication technique with a layer (70 µm thick) of copper on the substrate of the FR-4 glass epoxy, and plated with a thick layer (100 nm) of gold for the measurement on the impedance of the catalysate. The electrode has the length of 40 mm, the width of 20 mm and the height of 1 mm.

The fluidic channel with the length of 20 mm, the width of 2 mm and the height of 200 µm was fabricated using the Object24 3D printer to make the mold of the channel and the silicone elastomer kit (Sylgard 184, Dow Corning, Auburn, MI, USA) to cast the poly (dimethoxy) silane (PDMS) channel. The effective working area of the PCB electrode in the channel is about 8 mm^2^. The holder for housing the electrode was also fabricated by the 3D printer with an inlet, an outlet and a USB port to connect the PCB electrode with the impedance analyzer for impedance measurement.

Preparation of the bacterial cultures
-------------------------------------

*Escherichia coli* O157:H7 (ATCC43888) and *Salmonella typhimurium* (ATCC14028) were used as the target and non-target bacteria, respectively. They were stored with 15% glycerol at -20℃ and revived by streaking on Luria-Bertani (LB) agar plates. Prior to use, they were cultured in the LB medium (Aoboxing Biotech, Beijing, China) at 37℃ with shaking at 180 rpm, respectively. After incubation for 12-16 h, the bacterial cultures were 10-fold diluted with the sterile PBS to obtain the bacterial samples at the concentrations from 10^1^ to 10^5^ CFU/mL, respectively.

For bacterial enumeration, the bacterial samples were serially 10-fold diluted with the sterile PBS, and 100 μL of the diluents were surface plated on the LB agar plates. After incubation at 37℃ for 22-24 h, the colonies were counted to determine the concentration of the bacteria.

Magnetic separation of the bacteria in the coaxial capillary
------------------------------------------------------------

Prior to use, the coaxial capillary were thoroughly washed successively with alcohol and deionized water, and then blocked with 1% BSA for 30 min, followed by washing with deionized water.

For the magnetic separation of the target bacteria in the coaxial capillary, 50 µg of the streptavidin modified MNPs in 1 mL of PBS were injected into the coaxial capillary and recycled three times at a flow rate of 1.2 mL/min to ensure that almost all the MNPs were captured by the high-gradient magnetic fields and distributed uniformly in the coaxial capillary. Then, 100 μL of the biotinylated polyclonal antibodies (0.1 mg/mL) were injected and filled with the coaxial capillary, followed by incubation for 30 min to allow the forming of the immune MNPs through streptavidin-biotin binding. After washing with PBS, 10 mL of the bacteria sample was injected into the capillary, and the target bacteria were captured by the MNPs through bacteria diffusion and immune reaction, and the capillary was washed with 5 mL of deionized water at a flow rate of 0.36 mL/min to remove the residuals.

Forming of the enzymatic bacteria in the coaxial capillary
----------------------------------------------------------

The gold nanoparticles (GNPs) with the size of \~20 nm were synthesized in advance according to our previously reported protocol [@B25]-[@B26], and were modified with the aptamers against *E. coli* and the urease according to our previously reported protocol with slight modifications. Briefly, after the pH for 1 mL of GNPs was adjusted to 7.0 by K~2~CO~3~, 2 μL of streptavidin (1 mg/mL) was added drop-by-drop and incubated with gentle stirring for 1 h. Then, 12 μL of the biotinylated aptamers (10 μM) were added drop-by-drop and incubated with gentle stirring for 5 min to conjugate with the GNPs through streptavidin-biotin binding. Finally, 10 μL of the urease (10 mg/mL, in 5 mM MES) diluted with 40 μL of the deionized water were added drop-by-drop and incubated with gentle stirring for 1 h to conjugate with the GNPs, followed by blocking with 1% PEG 20,000 and 10% BSA for 30 min, respectively, and centrifugation at 10,000 rpm for 15 min to remove the excessive aptamers and urease. The aptamer and urease modified GNPs were finally dissolved in 100 μL of the deionized water and stored at 4℃ for further use.

For the forming of the enzymatic bacteria in the coaxial capillary, after the target bacteria were captured by the immune MNPs in the capillary, 10 μL of the aptamers and urease modified GNPs diluted with 90 μL of PBS was used to fill the coaxial capillary and incubated for 30 min. The GNPs were conjugated with the bacteria to form the enzymatic bacteria, followed by successively washing with 5 mL of deionized water with 0.05% Tween-20 and 5 mL of deionized water at the flow rate of 0.36 mL/min to remove the excessive GNPs and the residual conductive ions.

Measurement of the electrochemical impedance change
---------------------------------------------------

After the enzymatic bacteria in the capillary were washed, 100 μL of 100 μM urea was injected and incubated for 15 min to allow the urease on the enzymatic bacteria to catalyze the hydrolysis of urea into ammonium ions and carbonate ions. Then, the catalysate was injected into the fluidic PCB electrode for impedance measurement. The electrochemical impedance measurements were conducted on the IM6 electrochemical workstation (ZAHNER, Kronach, Bavaria, Germany) with the Thales analysis software applying a sinusoidal alternating potential with the amplitude of 5 mV, the direct-current bias of 0 V and the frequency range of 1 Hz - 5 MHz on the PCB electrode. After each measurement, the PCB electrode was rinsed with the deionized water to remove the residual ions until its impedance returned to the original level, i.e., the impedance of the deionized water.

Detection of *E. coli* in milk
------------------------------

Prior to test, the pasteurized milk from the local supermarket was 10 times diluted with the sterile PBS. Different concentrations of the bacterial cultures were prepared and enumerated by gold standard culture method, and then added into the diluted milk to obtain the spiked milk with the bacterial concentrations from 10^1^ to 10^5^ CFU/mL. The optimal amount of the streptavidin modified MNPs were first injected and uniformly distributed in the capillary, followed by conjugation with the biotinylated PAbs for 30 min. Then, 10 mL of the spiked milk at different bacterial concentrations of 10^1^ -10^5^ CFU/mL were injected at the optimal flow rate. After washing with the deionized water, 10 μL of the immune GNPs diluted by 90 μL of PBS were injected and incubated for 30 min. The capillary was washed by the deionized water with Tween-20 and the deionized water, respectively, to remove the unbound aptamer and urease modified AuNPs and the residual conductive ions, and then 100 μL of 100 μM urea were injected to fill the capillary. After incubation for the optimal time, the catalysate was collected and injected into the fluidic PCB electrode for impedance measurement. The impedance change at the characteristic frequency of 10 kHz was calculated as the difference between the impedance of the catalysate and that of deionized water to determine the amount of the *E. coli* cells.

Results and Discussion
======================

Simulation of the magnetic field in the coaxial capillary
---------------------------------------------------------

The distribution of the magnetic field can indicate where the immune MNPs are captured in the coaxial capillary for separating the target bacteria from the sample. The simulation of the magnetic field was conducted using the FEMM software and the result was shown in Fig. [2](#F2){ref-type="fig"}. The adjacent magnets in mutual repelling mode with one iron ball in-between them generated a strong high-gradient magnetic field around the ball. The magnetic field had a mean magnetic intensity of \~0.45 T and a mean gradient of \~350 T/m in the capillary. More importantly, the field had a relatively larger working area, i.e., around 75 1mm-long circular rings around the balls in the coaxial capillary, indicating the MNPs would be captured and distributed uniformly in a larger area. This could increase the opportunity for the antibodies on the MNPs to react with the target bacteria, resulting in an improved separation efficiency of the bacteria.

Optimization of the bacteria separation procedure
-------------------------------------------------

The magnetic separation of the target bacteria in the coaxial capillary is very important to this proposed aptasensor. Two key factors, the amount of the MNPs and the flow rate of the sample, have great impact on the bacteria separation, and were optimized using the separation efficiency to evaluate the performance. The separation efficiency was calculated as the ratio of the concentration of the separated bacteria to that of the original bacteria in this study.

For the optimization of the amount of the immune MNPs for each test, different amounts (10 μg, 30 μg, 50 μg and 70 μg) of the MNPs were injected into the capillary at the flow rate of 1.2 mL/min for separating the target bacteria at the concentration of 1.2×10^3^ CFU/mL. As shown in Fig. [3](#F3){ref-type="fig"}(a), the separation efficiency increased from 47.1% to 83.2% when the amount of MNPs changed from 10 μg to 50 μg, and the separation efficiency did not increase significantly (84.1%) while 70 μg of the MNPs were used. This indicated that the amount of 50 μg for the MNPs was sufficient to capture the bacteria. Therefore, the optimal amount of 50 μg was used in this study.

For the optimization of the flow rate, different flow rates (0.12, 0.36, 0.60 and 0.96 mL/min) of the sample were used to recycle the target bacteria at the concentration of 1.4×10^3^ CFU/mL to flow through the capillary. As shown in the Fig. [3](#F3){ref-type="fig"}(b), the separation efficiency increased from 61.4% to 85.6 %, while the flow rates decreased from 0.96 mL/min to 0.36 mL/min, and the separation efficiency remained at \~85% when the flow rate decreased to 0.12 mL/min. Therefore, the optimal flow rate of 0.36 mL/min was used in this study.

Optimization of the enzymatic catalysis procedure
-------------------------------------------------

The signal amplification in this study is based on the enzymatic catalysis, which can improve the sensitivity of the proposed electrochemical aptasensor. Different enzymatic catalysis time ranging from 5 min to 20 min was used to catalyze the hydrolysis of urea into the catalysate (ammonium ions and carbonate ions) by the urease on the enzymatic bacteria at the concentration of 1.0 x 10^5^ CFU/mL. The impedance of the catalysate was measured by the PCB electrode to evaluate the amount of the catalysate. As shown in Fig. [4](#F4){ref-type="fig"}, when the catalysis time increased from 5 min to 15 min, the impedance of the catalysate decreased from 99.5 kΩ to 32.6 kΩ, indicating that more conductive ions were produced. When the time increased to 20 min, the impedance of 20 min decreased to 26.1 kΩ and did not changed significantly. Therefore, the optimal enzymatic catalysis time of 15 min was used in this study.

Evaluation on the PCB electrode for impedance measurement
---------------------------------------------------------

The new PCB electrode was first verified to be able to measure the impedance of different concentrations of ammonium carbonate at the presence of urea. Three parallel tests on the mixtures of different concentrations (1-100 μM) of ammonium carbonate and 100 μM of urea were carried out using the PCB electrode on the IM6 workstation. As shown in Fig. [5](#F5){ref-type="fig"}(a), when the concentration of ammonium carbonate increases, the impedance of the mixture decreases due to the presence of more conductive ions. To further understand the relationship between the concentration and the impedance change, which was calculated as the difference between the impedance of ammonium carbonate and that of urea or deionized water, the impedance change (∆Z) measured at the characteristic frequency of 10 kHz were plotted with the concentration (**C**) of ammonium carbonate, and a good linear relationship was found and could be expressed as ∆Z=25495 ln(C) + 25043 (R^2^=0.99). This indicated that this new gold plating PCB electrode was able to quantitatively detect the concentration of ammonium carbonate, i.e., the catalysate in this study.

The sensitivity of the PCB electrode is a key factor to the sensitivity of this proposed electrochemical aptasensor. To further evaluate the sensitivity of the PCB electrode, three parallel tests on different concentrations of ammonium carbonate (1-100 μM) were conducted using both our previously reported interdigitated array microelectrode and the PCB electrode, respectively. As shown in Fig. [5](#F5){ref-type="fig"}(c), the calibration curve for the PCB electrode can be expressed as ∆Z=26032 ln(C) + 23445 with the slope of 26032, and that for the microelectrode can be expressed as ∆Z=6300.4 ln(C) + 14088 with the slope of 6300.4, indicating that the PCB electrode is more sensitive than the microelectrode for impedance detection of ammonium carbonate. Besides, the gold plating PCB electrode was fabricated at a very low cost (\~3 US dollars), less than 1/10 of the gold microelectrode, and could be afforded for single use. However, the stability and the biochemical compatibility of the PCB electrode was a little poorer than the microelectrode, since the accuracy and the substrate of the PCB electrode are inferior to that of the microelectrode. To trade off the cost and the performance, the PCB electrode is more suitable for rapid screening of *E. coli* O157:H7.

Specificity of this proposed electrochemical aptasensor
-------------------------------------------------------

The specificity of this proposed aptasensor is mainly dependent on the polyclonal antibodies and the aptamers against the *E. coli* O157:H7 cells. *Salmonella typhimurium* at the concentration of 10^3^ CFU/mL was used as the non-target bacteria to test the specificity of this aptasensor. As shown in Fig. [6](#F6){ref-type="fig"}, the impedance of urea, negative control (PBS) and *Salmonella* is 181 kΩ, 176 kΩ and 170 kΩ, respectively, indicating that very few conductive ions were found in their catalysate. The slight impedance difference between *Salmonella* and negative control might be due to little cross reaction between the PAbs/the aptamers and the *Salmonella* cells, resulting in a small amount of the catalysate. The impedance of *E. coli* at the same concentrations with *Salmonella* is much lower than that of *Salmonella* due to the forming of the enzymatic bacteria resulting in the hydrolysis of urea to produce more conductive ammonium ions and carbonate ions. This indicated that the proposed aptasensor had a good specificity.

Detection of *E. coli* O157:H7 in the pure cultures and the spiked pasteurized milk
-----------------------------------------------------------------------------------

To evaluate the feasibility of the proposed aptasensor, three parallel tests of *E. coli* O157:H7 with different concentrations in the pure cultures were carried out. As shown in Fig. [7](#F7){ref-type="fig"}, the impedance of the pure cultures decreased while the concentration of bacteria increased. A good linear relationship between the impedance change at the characteristic frequency of 10 kHz and the concentration of the bacteria in the pure cultures was found and could be expressed as ∆Z = 35492 ln(C) - 19000 (R^2^=0.96). The low detection limit of this proposed aptasensor was determined to be 10^1^ CFU/mL based on three times of signal/noise ratio. The low LDL is mainly attributed to (1) the larger volume (10 mL) of the bacteria sample was used instead of the conventional volume of 0.5-1 mL; (2) the coaxial capillary was used to obtain the high separation efficiency of the target bacteria; (3) the urease was used to amplify the electrochemical impedance signal.

To further evaluate the applicability of the proposed aptasensor, three parallel tests of *E. coli* O157:H7 with different concentrations in the spiked milk were carried out. As shown in Table [1](#T1){ref-type="table"}, the recoveries for *E. coli* O157:H7 at the concentrations of 1.2×10^1^ CFU/mL, 1.2×10^2^ CFU/mL, 1.2×10^3^ CFU/mL, 1.2×10^4^ CFU/mL and 1.2×10^5^ CFU/mL were 101.2%, 108.8%, 92.9%, 93.1% and 102.5%, respectively, and the mean recovery was 99.7%, indicating this proposed electrochemical aptasensor could be used for detection of *E. coli* O157:H7 in the real samples.

Besides, the bacterial sample with different concentrations ranging from 10^1^ to 10^4^ CFU/mL were detected using both the proposed aptasensor and the gold standard culture method for comparison. As shown in Table [2](#T2){ref-type="table"}, the relative standard deviation of this aptasensor ranges from 1.4% to 4.3%, indicating this aptasensor has a good accuracy.

Conclusions
===========

In summary, a novel electrochemical aptasensor based on the coaxial capillary with the magnetic nanoparticles, the urease and the gold plating PCB electrode was developed for rapid, low-cost and sensitive detection of *E. coli* O157:H7. The proposed aptasensor was able to detect *E. coli* O157:H7 as low as 10^1^ CFU/mL within 3 h. Besides, this proposed aptasensor could be used for the detection of bacteria in a large volume up to 10 mL. The coaxial capillary based magnetic separation and urease catalysis has greatly improved the sensitivity of this aptasensor. The proposed aptasensor has the potential for the development of an automatic device for sensitive detection of foodborne pathogens in practical application.
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![Schematic of the electrochemical aptasensor for rapid and sensitive detection of *E. coli* O157:H7](ntnov01p0403g001){#F1}

![(a)The simulation on the distribution of the magnetic field in the coaxial capillary; (b) The horizontal distribution of the magnetic field in the capillary; (c) The vertical distribution of the magnetic field in the capillary.](ntnov01p0403g002){#F2}

![(a) Optimization of the amount of the immune MNPs (N=3); (b) Optimization of the flow rate of the sample (N=3).](ntnov01p0403g003){#F3}

![Optimization of the enzymatic catalysis time (N=3).](ntnov01p0403g004){#F4}

![(a) Electrochemical impedance spectra of ammonium carbonate with the concentrations of 1 μM to 100 μM at the presence of 100 μM urea; (b) Linear relationship between the impedance change of ammonium carbonate at the characteristic frequency of 10 kHz measured by the PCB electrode and the concentration of ammonium carbonate ranging from 1 μM to 100 μM (N=3); (c) Comparison on the sensitivity of the interdigitated array microelectrode and the PCB electrode for impedance detection of different concentrations of ammonium carbonate ranging from 1 μM to 100 μM (N=3).](ntnov01p0403g005){#F5}

![The specificity of the electrochemical aptasensor. *Salmonella typhimurium* and*E. coli* O157:H7 at the same concentration of 10^3^ CFU/mL, urea and negative control were tested using this proposed biosensor (N=3).](ntnov01p0403g006){#F6}

![(a) Electrochemical impedance spectra of *E. coli* O157:H7 at the concentrations of 10^1^-10^5^ CFU/mL in the pure cultures; (b) The impedance at the characteristic frequency of 10 kHz for different concentrations of*E. coli* O157:H7 ranging from 10^1^ CFU/mL to 10^5^ CFU/mL in the pure cultures (N=3); (c) Linear relationship between the impedance change and the concentration of *E. coli* ranging from 10^1^ to 10^5^ CFU/mL (N=3).](ntnov01p0403g007){#F7}

###### 

The recovery of *E. coli* O157 : H7 at the concentrations of 1.2×10^1^-1.2×10^5^ CFU/mL (N=3)

  *E. coli* concentration (CFU/mL)   Impedance for the spiked milk (Ω)   Impedance for the pure culture (Ω)   Recovery
  ---------------------------------- ----------------------------------- ------------------------------------ ----------
  1.2×10^1^                          1.69×10^5^                          1.68×10^5^                           101.2%
  1.2×10^2^                          1.39×10^5^                          1.36×10^5^                           108.8%
  1.2×10^3^                          8.96×10^4^                          8.05×10^4^                           92.9%
  1.2×10^4^                          5.18×10^4^                          4.79×10^4^                           93.1%
  1.2×10^5^                          3.13×10^4^                          3.47×10^4^                           102.5%

###### 

The comparison of this aptasensor with the standard culture method for detection of *E. coli* O157 : H7 at the concentrations of 10^1^-10^4^ CFU/mL (N=3)

  *E. coli* concentration detected by culture (C~1~, CFU/mL)   *E. coli* concentration detected by this aptasensor (C~2~, CFU/mL)   Relative standard deviation\* (RSD, %)
  ------------------------------------------------------------ -------------------------------------------------------------------- ----------------------------------------
  7.6×10^1^                                                    6.3×10^1^                                                            4.3%
  2.7×10^2^                                                    2.5×10^2^                                                            1.4%
  2.3×10^3^                                                    1.8×10^3^                                                            3.2%
  5.4×10^4^                                                    6.9×10^4^                                                            2.2%

\*: RSD= \|lg(C1)-lg(C2)\|/lg(C~1~) x 100%

[^1]: Competing Interests: The authors have declared that no competing interest exists.
